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Abstract—Terahertz (THz)-band communications are cele-
brated as a key enabling technology for next-generation wireless
systems that promise to integrate a wide range of data-demanding
and delay-sensitive applications. Following recent advancements
in optical, electronic and plasmonic transceiver design, inte-
grated, adaptive and efficient THz systems are no longer far-
fetched. In this paper, we present a progressive vision on how
the traditional THz gap will transform into a THz rush over the
next few years. We opine that the breakthrough that the THz-
band will introduce is not solely driven by the achievable high
data rates, but more profoundly by the interaction between THz
sensing, imaging, and localization applications. We first detail
the peculiarities of each of these applications at the THz band.
Then, we illustrate how their coalescence results in enhanced
environment-aware system performance in beyond-5G use cases.
We further discuss the implementation aspects of this merging
of applications in the context of shared and dedicated resource
allocation, and we raise some health and privacy concerns.
I. INTRODUCTION
Wireless communication carrier frequencies have been grad-
ually expanding over recent years in an attempt to satisfy
ever-increasing bandwidth demands. Since the terahertz (THz)
band is the last unexplored band of the radio frequency (RF)
spectrum, technologies from both the neighboring microwave
and optical bands are being explored to support THz communi-
cations. Due to the lack of compact and efficient THz devices
(the so-called “THz gap”), THz-band applications have been
traditionally restricted to the areas of imaging and sensing
[1]. Following recent advancements in THz signal genera-
tion, modulation and radiation, however, communication-based
THz-band use cases can now be foreseen [2].
Developing novel THz communication infrastructures has
attracted both praise and criticism. Is pushing microwave
communications beyond the well-established millimeter-wave
(mmWave) band worth the effort? And why should we settle
for THz communications if higher data rates can be supported
by the more mature visible light communications (VLC)? In
this paper, we discuss how THz communications can reap
the benefits of both mmWave and VLC. We argue that the
peculiarities of THz sensing and imaging, combined with
the high-resolution localization capabilities, can significantly
boost the performance of future communication systems and
introduce a plethora of novel applications. We advocate this
merging of applications by addressing implementation aspects
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and demonstrating proof-of-concept simulations; we show that
THz sensing and localization can be seamlessly piggybacked
onto THz communications.
II. ADVANCEMENTS IN THZ TRANSCEIVER DESIGN
Recent advancements in THz transceiver design are mainly
electronic and photonic. While photonic technologies have
a clear data rate advantage, electronic platforms remain
superior in their ability to generate higher power. Elec-
tronic solutions [3] based on silicon complementary metal-
oxide-semiconductor (CMOS) technology can generate up to
1.3 THz to detect amplitudes and phases of 1.2 THz signals.
The corresponding highest unity current gain frequency ( fT)
and unity maximum available power gain frequency ( fmax),
however, remain at 280 gigahertz (GHz) and 320GHz, respec-
tively. Nevertheless, higher operating frequencies have been
recorded using III-V-based semiconductors in heterojunction
bipolar transistors (HBTs), high electron mobility transistors
(HEMTs), and Schottky diodes. On the photonic side [4],
beyond 300GHz frequencies have been supported using uni-
traveling carrier photodiodes, photoconductive antennas, op-
tical down-conversion systems, and quantum cascade lasers.
Since satisfying emerging system-level properties requires
designing efficient and programmable devices, as opposed to
designing perfect THz devices, integrated hybrid electronic-
photonic systems are emerging [4]. In particular, systems
composed of photonic transmitters and III-V electronic re-
ceivers have demonstrated very high data rates. Furthermore,
plasmonic solutions based on novel materials such as graphene
[5] are also gaining popularity. Plasmonic materials possess
high electron mobility and support electron tunability, which
results in reconfigurable and compact array designs. Following
these advances, it is clear that the THz gap is rapidly closing,
and that the THz band is opening up for everyday applications.
III. THZ COMMUNICATIONS
THz-band communications are expected to play a pivotal
role in the upcoming sixth-generation (6G) of wireless mobile
communications, enabling ultra-high bandwidth and ultra-
low latency communication paradigms. To this end, many
research groups (mainly in USA, Europe, and Japan) have
attracted significant funding to conduct THz-related research
and standardization efforts have been launched. Despite the
fact that by definition the THz band extends from 300GHz
to 10 THz, researchers have found it convenient to categorize
beyond 100GHz applications as THz communications, below
which the millimeter-wave bands of 5G are defined.
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2Fig. 1. Prospect indoor and outdoor applications of THz communications.
A. An Argument for THz Communications
Unlike mmWave communications, THz communications
can achieve a terabit/second data rate without any spectral effi-
ciency enhancement technique such as multiple-input multiple-
output (MIMO). In fact, the use of higher frequencies will
soon be mandatory because some prospect applications, such
as sending an 8K video via a wireless link, can never be
accomplished in any current or envisioned mmWave system.
This provides sufficient motivation to push research beyond
mmWaves. Furthermore, due to their shorter wavelengths, THz
communication systems can support higher link directionality,
they are less susceptible to free-space diffraction and inter-
antenna interference, they can be realized in much smaller
footprints, and they possess higher resilience to eavesdropping.
On the other side of the spectrum, optical communications
over the infrared and visible bands, mainly VLC, are very
mature (except for the ultraviolet band which has limitations).
VLC has the potential to provide higher data rates than those
supported by THz communications at a low cost. However,
the two technologies are fundamentally different. For instance,
THz signals are not affected by ambient light, atmospheric
turbulence, scintillation, cloud dust, and temporary spatial
variation of light intensity, in the same way optical signals are
affected. More importantly, the severe unguided narrow beam
properties of optical signals require more delicate pointing,
acquisition and tracking to guarantee alignment. Despite pos-
sessing quasi-optical propagation traits, THz communications
retain several microwave characteristics and they can still make
use of reflections and antenna array processing techniques
to support non-line-of-sight (NLoS) propagation and efficient
beamforming, respectively. Nevertheless, VLC can not always
support uplink communications and it is susceptible to a differ-
ent type of blockage. Therefore, availability can be enhanced
by simultaneously using mmWave/THz communications and
VLC in a heterogeneous setup.
B. Challenges and Solutions
Many challenges need to be addressed before the
widespread use of THz communications. For instance, high
propagation losses and power limitations result in very short
communication distances, and frequency-dependent molecular
absorptions result in band-splitting and bandwidth reduction.
Furthermore, except for recently reported measurements up
to 140GHz [6], there are no realistic THz channel models.
In fact, the THz channel is dominated by a line-of-sight
(LoS) and a few NLoS paths due to large reflection losses.
Moreover, generating continuous modulations at the THz
band is challenging. For example, only a few milli-watts of
very short pulses can be generated with graphene at room
temperature. In the following paragraphs, we summarize some
signal processing solutions that can combat these challenges
(see [7], [8] and references therein).
1) Ultra-massive MIMO (UM-MIMO) technology: Very
dense UM-MIMO array-of-subarrays (AoSA) configurations
(Fig. 2) can provide the required beamforming gains to combat
the distance problem. While mmWave AoSAs require foot-
prints of a few square centimeters for a small number of an-
tenna elements (AEs), a large number of AEs can be embedded
at THz in a few square millimeters. Note that subarrays (SAs)
enable hybrid beamforming, which reduces hardware costs
and power consumption, and provides the flexibility to trade
beamforming with multiplexing, for a better communication
range or spectral efficiency, respectively. Configurable AoSA
architectures can support multicarrier communications and
variations of spatial and index modulation schemes.
2) Optimized resource allocation: Since molecular absorp-
tions are more profound at specific distances, the avail-
able absorption-free spectral windows are distance-dependent.
Hence, to combat spectrum shrinkage, distance-aware and
distance-adaptive solutions that optimize waveform design,
transmission power, and beamforming are required. Note that
optimized THz-specific multi-carrier waveform designs other
3Fig. 2. A configurable array-of-subarrays of antenna elements.
than orthogonal frequency-division multiplexing (OFDM) are
favored. Since THz channels are assumed flat, single-carrier
schemes are recommended (alongside carrier aggregation).
3) Pulse-based modulation: To combat transceiver limita-
tions, pulse-based asymmetric on-off keying modulations that
consist of trading femtosecond-long short pulses can be used.
However, since the frequency response of pulse-based systems
covers the entire THz range, it is not possible to operate in
absorption-free spectra. Re-transmissions following molecular
absorption would thus result in colored noise.
IV. THZ SENSING AND IMAGING
Long before the current hype on THz communications
emerged, THz signals were traditionally used for wireless
sensing and imaging [1] in a multitude of applications (quality
control, food safety, and security, among others). Several THz
wave propagation properties, which microwave and infrared
waves lack, make THz signals a good candidate for material
and gas sensing. In particular, many biological and chemical
materials exhibit unique THz spectral fingerprints. THz signals
can penetrate a variety of non-conducting, amorphous, and
dielectric materials, such as glass, plastic, paper, and wood.
Moreover, metals strongly reflect THz radiation, which enables
inspecting the presence of metallic components (detecting
weapons). Due to strong molecular coupling with hydrogen-
bonded networks, THz signals can be used to observe water
dynamics. Similarly, due to unique spectral signatures that
arise from transitions between rotational quantum levels in
polar molecules, THz signals can be used for gas detection.
Several methods have been proposed for THz sensing, the
most popular of which is THz time-domain spectroscopy
(THz-TDS) [9]. THz-TDS starts by probing a sample with
a THz broadband radiation in short pulses. The temporal
profiles of these pulses are recorded twice, with and without
sample presence, where the ratio of the electric field strengths
of these profiles determines the optical properties of the
sample material. The complex-valued spectral behavior of
these profiles also yields amplitude and phase information that
allows direct calculation of the frequency-dependent index of
refraction, absorption coefficient, and sample thickness. Two
types of spectroscopic measurements can be distinguished:
transmission-based and reflection-based. While transmission
spectroscopy analyzes the amount of light absorbed by a sam-
ple material, reflection spectroscopy studies the reflected or
scattered light. Most THz sensing and imaging applications are
conducted in transmission mode due to the fact that absorbance
THz spectroscopy has an easier set-up design and it results
in higher signal contrast. Nevertheless, several factors make
the reflection mode more appealing. For instance, reflection
geometry allows detecting targets on non-transparent sub-
strates, as well as measuring the spectrum of highly absorptive
materials (THz opaque). Furthermore, reflection geometry is
the solution of choice in open-field applications over relatively
large distances (standoff distance in explosion detection). More
importantly, from a communication systems perspective, hand-
held devices can solely support imaging/sensing in reflection
mode without requiring infrastructure assistance.
As an extension to sensing, THz-TDS imaging can be ac-
complished by extracting spectral information to determine the
type and shape of the material under study. THz-TDS imaging
methods are amplitude-based, phase-based, or a combination
of the two. They consist of measuring the waveform of a
THz wave traversing or reflected from an object at multiple
positions. Following signal acquisition, the entire measured
waveform is processed in a digital signal processor to construct
detailed chemical or physical information at each pixel. Full
three-dimensional (3D) images of objects can be constructed
in reflection spectroscopy by exploiting the short THz pulse
duration, which provides a precise means for calculating the
distance to reflecting surfaces. Due to low scattering, THz-
TDS imaging systems are capable of producing high contrast
images. In fact, mmWave and THz imaging techniques are
more effective than their infrared-based counterparts due to
the smaller impact of weather and ambient light on channel
conditions. The vastly wider channel bandwidths of THz can
easily support imaging applications of large fields of view.
Furthermore, the high gain of directional antennas enables very
directional sensing/imaging and much finer spatial resolution
(sub-millimeter spatial differentiation [6]).
With the advent of THz technology, carrier-based sens-
ing/imaging systems can offer greater flexibility and fine-
tuning capabilities over the frequency ranges of interest. In
the following, we illustrate a proof-of-concept simulation for
carrier-based THz-band wireless gas sensing (also known as
electronic smelling [3]). We assume a setup that consists of a
transmitter shooting a select few high-frequency signals into a
medium, and a receiver estimating the channel response to de-
tect absorption spikes (rotational spectroscopy). The estimated
channel responses are correlated with a reference database
on molecular absorption spectra (high-resolution transmission
database (HITRAN) [5]) and a decision is made on the gaseous
constituents of the medium. For the particular case of measur-
ing the percentage of water vapor, Fig. 3 illustrates the success
rate versus signal-to-noise ratio (SNR) when measurements
are conducted over a distance of 5m. The carrier frequencies
are uniformly selected between 1 THz and 2 THz, where a
performance enhancement of 50 dB occurs by increasing the
number of carriers from 3 to 100. However, an SNR of more
than 100 dB is still required to combat the losses at 5m. This
can be mitigated via antenna and beamforming gains (30 dB
beamforming gain with 1024-element SAs).
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Fig. 3. Performance analysis of carrier-based water vapor concentration
sensing over a 5m range as a function of SNR and number of THz carriers.
V. THZ LOCALIZATION
The next generation of wireless communication networks
are expected to provide accurate location-based services. It
is envisioned that 6G networks based on mmWave and THz
frequencies will provide centimeter-level accuracy [6] that
conventional GPS and cell multilateration-based localization
techniques currently fail to provide. Localization techniques
in the mmWave and THz bands are based on the concept of
simultaneous localization and mapping (SLAM), in which the
accuracy improves by collecting high-resolution images of the
environment. Hence, the high-frequency bands are expected to
provide such high-resolution images. SLAM-based techniques
consist of three major steps: imaging of the surrounding
environment, estimation of ranges to the user, and fusion
of images with the estimated ranges. For instance, a sub-
centimeter level of accuracy can be achieved by constructing
3D images of the environment (using signals between 200GHz
and 300GHz) and projecting the angle of arrival and time of
arrival of information from the user to estimate locations.
Besides SLAM-based techniques, little effort has been
made to develop THz-specific localization methods. In [10],
a weighted least square estimator is used for the localization
of transceivers operating at THz band. Tags with dielectric
resonators are used as anchors to transmit beacon signals,
whereas the receiver computes the round-trip time of flight
(RToF) to the available anchors. The RToF ranging technique
is used to avoid the synchronization issue in time-based
ranging methods. By increasing the bandwidth of the pulse and
the size of the receiver antenna, millimeter level accuracy is
demonstrated. Nevertheless, a direction of arrival (DoA)-based
approach is studied in [11] for ranging in nanoscale sensor
networks operating at 6 THz. A uniform linear array is used as
a sink node with N antennas, which estimates the direction of
the THz signal arriving at its various antennas from different
directions (see Fig. 4). The sensor node uses a well-known
multiple signal classification (MUSIC) algorithm to estimate
the DoA measurements, which results in an accuracy of less
than a degree at a distance of 6m.
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Fig. 4. DoA estimation by using a uniform linear array of antennas at the
sink node.
All these reference works focus on ranging for THz commu-
nications without developing localization techniques. Hence,
research on robust and accurate localization algorithms for
future THz communications systems is still lacking. We hereby
consider multidimensional scaling (MDS) for THz network lo-
calization. MDS is a data visualization technique that is mainly
used to show the correlation between different variables of
the data graphically. Let the input to the MDS algorithm be
the pairwise distance between two arbitrary nodes, which is
estimated using any of the above ranging schemes for THz
communications. We assume that the estimated distance be-
tween two sensor nodes is corrupted by the distance-dependent
additive Gaussian noise. Based on the pairwise estimated
distances, the MDS algorithm tries to locate the sensor nodes
in a given dimensional space. For example, consider a scenario
in which 20 sensor nodes are randomly distributed over a
15× 15m2 area and 4 anchor nodes are located at the corners
of this area. MDS tries to graphically show the relationship
between all the nodes in the network, as illustrated in Fig. 5.
The left plot of Fig. 5 shows the actual location of sensor nodes
and anchor nodes, while the middle plot shows the MDS-based
initial map of the network, which has no actual coordinates
(centered around the origin). The right plot shows the final
node estimation with an accuracy of 2.4 cm for a ranging error
variance of 8 cm.
VI. 6G AND BEYOND USE-CASES
Having detailed the peculiarities of THz communications,
sensing, and localization, we next envision prospective 6G and
beyond THz-band use cases. Finland’s 6G Flagship, which is
celebrated as the first 6G initiative, envisions THz technology
to be a key driver for 6G ubiquitous wireless intelligence
[12]. Through high data rate wireless remoting of human
cognition, information shower, accurate localization, sensing
and imaging, a plethora of services across multiple industry
verticals can thrive in many areas such as transportation sys-
tems, robotics, virtual/augmented reality, entertainment, and
health care (see [6] and references therein).
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Fig. 5. Localization in THz communication systems using MDS.
The large bandwidths and massive antenna arrays at high
frequencies, combined with the inherent densification caused
by machine-type communications, will not only result in en-
hanced communication system performance, but also enhanced
sensing, imaging, and localization. For instance, array signal
processing techniques such as 3D beamforming, which was
originally proposed to extend the communication range and
enhance spectrum efficiency, can also enable precise position-
ing and tracking. Furthermore, by leveraging real-time beam
steering capabilities, wireless reality sensing can be achieved
by accumulating detailed on-the-fly 3D maps. Similarly, at
smaller distances, beam scanning enables creating images of
physical spaces by systematically monitoring the received
signals at a wide array of angles. The latter can enable gesture
detection, personal body scanning, and health monitoring.
While high capacity THz links have already been advocated
to replace wired backbone connectivity in network backhauls
and data centers, the holy grail of THz communications
is to enable indoor and outdoor mid-range mobile wireless
communications, in the context of device-to-device, drone-to-
drone, vehicular, and personal communications.
A. Vehicular and Drone-to-Drone Communications
Next-generation vehicular networks demand high data rate
and reliable communications. For instance, see-through vision
and bird’s eye view require a data rate of 50Mbps and a
latency of 50ms. Similarly, automated overtake demands a
10ms delay and a 99.999% reliability. THz-band communica-
tions are thus envisioned to be a key technology that can satisfy
the reliability and real-time traffic demands of future vehicular
networks [13], to enhance safety solutions and enable new
applications such as platooning and remote driving. Further-
more, it goes without saying that THz sensing/imaging and
localization/navigation are particularly useful in a multitude
of vehivular communications applications.
High-speed drone-to-drone communications can also be
achieved at the THz-band. Drones can form flying ad hoc
networks (FANETs) to enable broadband communication over
a large-scale area (providing a quick service recovery and
surveillance in disaster affected regions). In FANETS, the THz
band not only achieves high capacity but is also more flexible
for high mobility, unlike FSO that has stringent pointing
and acquisition requirements. Moreover, the accuracy of the
drones’ location heavily depends on the frequency band used,
where the localization error needs to be within fractions of
the wavelength [14]. For instance, a drone operating at 30
GHz would require a localization accuracy of less than a
centimeter. Hence, drones operating at the THz band would
require millimeter levels of positioning accuracy. Furthermore,
dense deployments of FANETs may be required to combat the
limited transmission ranges, and multi-hop communication and
localization techniques should be examined.
B. Reflection-Assisted Communications
In addition to the aforementioned applications, Fig. 1 illus-
trates the role of both regular (non-reconfigurable) specular re-
flecting surfaces and reconfigurable intelligent surfaces (RISs),
which extend the communication range in the THz band to
support NLoS communications. In general, the strong spec-
ular component makes existing building surfaces behave like
electrical mirrors at sufficiently short THz wavelengths. Never-
theless, intelligent surfaces can be custom built from discrete-
element semiconductors and metamaterials. Such RISs can
scale up signal power and reflect THz signals towards specific
directions by introducing arbitrary phase shifts. An electri-
cally large RIS that supports all these functionalities can be
achieved at relatively small footprints at high frequencies [15].
Furthermore, active large intelligent surfaces can also serve as
distributed THz access points or signal repeaters.
THz imaging, sensing, and localization can enhance the
performance of RISs. For instance, the type of material that
comprises two neighboring walls can be sensed to help to
decide the better NLoS route. Similarly, building real-time
environment maps results in intelligent beamforming that
makes use of reflecting surafces. Furthermore, the unreliability
of the channel at high frequencies can be circumvented by
sensing the environment in real-time and finding alternative
propagation routes. On the other hand, RISs can in return
enhance the performance of imaging, sensing, and localization,
where seeing around corners in NLoS can be leveraged for
rescue and surveillance applications as well as for autonomous
localization and navigation.
6Fig. 6. THz communication system model.
VII. IMPLEMENTATION ASPECTS
Given that research on THz communications is still in its
infancy, the applications discussed in Sec. VI may seem futur-
istic. In reality, it is still too early to provide specific details
on implementation because no terahertz network has yet been
built, let alone a multi-functional network. As research on
THz devices advances, however, it is becoming clearer that
signal processing/networking/communications considerations
are very different in the THz realm. In fact, optimizing signal
processing algorithms and networking protocols requires an
understanding of the devices, and optimizing devices requires
knowledge of what these algorithms and protocols are trying to
accomplish. Nevertheless, joint algorithm and hardware design
co-optimization for joint THz ultra-high-speed communica-
tions and advanced sensing/imaging/localization paradigms
will inevitably be a hot research topic in the near future.
A typical THz communications system model is illustrated
in Fig. 6, where adaptive AoSAs at the transmitting side are
configured to serve multiple receiving devices. Each SA can
be tuned to a specific frequency or can be assigned a specific
modulation type. Furthermore, after digital-to-analog conver-
sion (DAC) and before analog-to-digital conversion (ADC),
each SA is fed by a dedicated RF chain. Due to high directivity
(“pencil” beams), each SA is effectively detached from its
neighboring SAs, and the role of baseband precoding is
reduced to defining the utilization of SAs, or simply to turning
SAs on and off. Since AEs can be contiguously placed over a
3D structure, SAs can be virtually formed and adapted, even
allowing frequency interleaving at the level of AEs. Depending
on the desired communication distance, a required number of
AEs per SA is allocated. Then, the number of possible SA
allocations, which is bounded by array dimensions and the
number of RF chains, dictates the diversity/multiplexing gain.
A. Piggybacked Implementation
For all the aforementioned reasons, sensing, imaging, and
position location are expected to be executed at the same time
over communication system nodes. Consequently, it is intuitive
to aim to have these applications piggybacked on THz commu-
nications by sharing the space, time, and frequency resources,
in the uplink, downlink, or both. Sharing these resources
is feasible in multiple scenarios as long as the transceivers
have sufficient computational capabilities to conduct multiple
applications seamlessly. For instance, in the case of electronic
smelling, gaseous components can be identified by detecting
variations in channel estimations regardless of the exact data
being modulated over the carriers; only a few arbitrary carriers
can result in good classification results (Fig. 3). The same
concept applies to imaging in reflection mode where reflection
indices can be detected from received information-bearing
carrier signals. Note that gas sensing and material detection
can also be conducted simultaneously by assuming one and
detecting the other, and then refining decisions over iterations.
Furthermore, sharing resources is much more convenient in a
pulse-based system, where each modulated short-living pulse
covers the entire THz band in the frequency domain, and can
thus be used to conduct TDS-based sensing and imaging, as
well as localization and navigation. The efficiency of pulse-
based systems, however, is questionable due to the limited
power of bulky THz-TDS spectrometers.
B. Dedicated Resources
Despite the attractiveness of full resource sharing, several
factors make dedicated resource allocation schemes compul-
sory. For instance, the accuracy of carrier-based sensing and
imaging increases by tuning carriers to absorption spectra that
cannot carry information. In particular, while it is unlikely
that frequencies much higher than 1 THz will be useful for
communication purposes, sensing applications thrive at higher
frequencies with congested absorption spectra. Hence, some
applications naturally require separate frequency allocations.
In fact, careful frequency planning is required to prevent the
overlap of harmonic products when supporting multiple appli-
cations. Furthermore, merging of applications often requires
cooperation from nearby infrastructure or users, which is not
always available. To distribute THz communication resources,
the baseband precoder can assign each chain in Fig. 6 to a
specific application. Alternatively, the same resources can be
shared, but at dedicated time slots.
C. Health and Privacy Concerns
THz-band applications raise several health and privacy con-
cerns. Since THz radiation is not ionizing, it can be assumed
that only heating could potentially cause health problems.
However, as THz sources become more and more available,
and with inherent densification and high antenna gains, it is
7very important to conduct studies to further understand the
biological and molecular impact of THz radiation on health
[6]. Furthermore, a major privacy concern arises from bringing
THz signals to hand-held devices and enabling them to cover
large distances. For instance, a malicious device can conduct
remote sensing and see-through imaging (that sees through
clothing but not the body). As THz technology advances, users
might gain access to imaging devices of the same quality
as controversial and privacy-invading THz airport full-body
scanners. Such concerns should not only be addressed in
software, but also in hardware. For smart-phone use, limited-
range (10 cm) low-power pulse-based TDS would be sufficient
to carry near-field imaging for capturing gestures and other
useful applications.
VIII. CONCLUSION
In this paper, we present a holistic and progressive vision
of the future of THz communications. Alongside communica-
tions, THz technology can bring significant advances to the
areas of imaging, sensing, and localization. We detailed the
peculiarities of each of these applications at the THz band
by reviewing relevant works and illustrating proof-of-concept
simulations. We argued that merging THz-band applications
will guide wireless communication research far beyond-5G
use cases. With proper configurations, we showed that multiple
THz applications can be seamlessly accomplished in real-time.
We recommend that serious health and privacy concerns be
addressed in future research before THz technology matures
further.
BIOGRAPHIES
Hadi Sarieddeen (S’13-M’18) received his B.E. degree (summa cum
laude; first in graduating class) in computer and communications engineering
from Notre Dame University-Louaize (NDU), Lebanon, in 2013, and his
Ph.D. degree in electrical and computer engineering from the American
University of Beirut (AUB), Beirut, Lebanon, in 2018. He is currently a
postdoctoral research fellow at KAUST. His research interests are in the areas
of communication theory and signal processing for wireless communications.
Nasir Saeed (S’14-M’16-SM’19) received his Bachelors of Telecommu-
nication degree from University of Engineering and Technology, Peshawar,
Pakistan, in 2009 and his Masters degree in satellite navigation from Polito
di Torino, Italy, in 2012. He received his Ph.D. degree in electronics and
communication engineering from Hanyang University, Seoul, South Korea in
2015. He is currently a postdoctoral research fellow at KAUST. His current
areas of interest include cognitive radio networks, underwater optical wireless
communications, dimensionality reduction, and localization.
Tareq Y. Al-Naffouri (M’10-SM’18) Tareq Al-Naffouri received his B.S.
degrees in mathematics and electrical engineering (with first honors) from
KFUPM, Saudi Arabia, his M.S. degree in electrical engineering from Georgia
Tech, Atlanta, in 1998, and his Ph.D. degree in electrical engineering from
Stanford University, Stanford, CA, in 2004. He was a visiting scholar at
Caltech, Pasadena, CA in 2005 and summer 2006. He was a Fulbright scholar
at USC in 2008. He has held internship positions at NEC Research Labs,
Tokyo, Japan, in 1998, Adaptive Systems Lab, UCLA in 1999, National
Semiconductor, Santa Clara, CA, in 2001 and 2002, and Beceem Commu-
nications Santa Clara, CA, in 2004. He is currently an Associate Professor
at the Electrical Engineering Department, KAUST. His research interests lie
in the areas of sparse, adaptive, and statistical signal processing and their
applications, localization, machine learning, and network information theory.
Mohamed-Slim Alouini (S’94-M’98-SM’03-F’09) was born in Tunis,
Tunisia. He received his Ph.D. degree in Electrical Engineering from Caltech,
CA, USA, in 1998. He served as a faculty member in the University of
Minnesota, Minneapolis, MN, USA, then in Texas A&M University at Qatar,
Doha, Qatar before joining KAUST as a Professor of Electrical Engineering
in 2009. His current research interests include the modeling, design, and
performance analysis of wireless communication systems.
REFERENCES
[1] D. L. Woolard, R. Brown, M. Pepper, and M. Kemp, “Terahertz fre-
quency sensing and imaging: A time of reckoning future applications?”
Proc. IEEE, vol. 93, no. 10, pp. 1722–1743, Oct. 2005.
[2] T. Kürner and S. Priebe, “Towards THz communications-status in
research, standardization and regulation,” Journal of Infrared, Millimeter,
and Terahertz Waves, vol. 35, no. 1, pp. 53–62, 2014.
[3] K. K. O, W. Choi, Q. Zhong, N. Sharma, Y. Zhang, R. Han, Z. Ahmad,
D. Kim, S. Kshattry, I. R. Medvedev, D. J. Lary, H. Nam, P. Raskin, and
I. Kim, “Opening terahertz for everyday applications,” IEEE Commun.
Mag., vol. 57, no. 8, pp. 70–76, Aug. 2019.
[4] K. Sengupta, T. Nagatsuma, and D. M. Mittleman, “Terahertz integrated
electronic and hybrid electronic-photonic systems,” Nature Electronics,
vol. 1, no. 12, p. 622, 2018.
[5] J. M. Jornet and I. F. Akyildiz, “Channel modeling and capacity analysis
for electromagnetic wireless nanonetworks in the terahertz band,” IEEE
Trans. Wireless Commun., vol. 10, no. 10, pp. 3211–3221, Oct. 2011.
[6] T. S. Rappaport, Y. Xing, O. Kanhere, S. Ju, A. Madanayake, S. Mandal,
A. Alkhateeb, and G. C. Trichopoulos, “Wireless communications and
applications above 100 GHz: Opportunities and challenges for 6G and
beyond,” IEEE Access, vol. 7, pp. 78 729–78 757, 2019.
[7] H. Sarieddeen, M. Alouini, and T. Y. Al-Naffouri, “Terahertz-band
ultra-massive spatial modulation MIMO,” IEEE J. Sel. Areas Commun.,
vol. 37, no. 9, pp. 2040–2052, Sep. 2019.
[8] A. Faisal, H. Sarieddeen, H. Dahrouj, T. Y. Al-Naffouri, and M.-S.
Alouini, “Ultra-massive MIMO systems at terahertz bands: Prospects
and challenges,” arXiv preprint arXiv:1902.11090, 2019.
[9] P. U. Jepsen, D. G. Cooke, and M. Koch, “Terahertz spectroscopy
and imaging–Modern techniques and applications,” Laser & Photonics
Reviews, vol. 5, no. 1, pp. 124–166, 2011.
[10] M. El-Absi, A. Alhaj Abbas, A. Abuelhaija, F. Zheng, K. Solbach, and
T. Kaiser, “High-Accuracy indoor localization based on chipless RFID
systems at THz band,” IEEE Access, vol. 6, pp. 54 355–54 368, Sep.
2018.
[11] S. P. M., T. Panigrahi, and M. Hassan, “Direction of arrival estimation
for nanoscale sensor networks,” in Proc. of the 5th ACM Int. Conf. on
Nanoscale Comput. and Commun., (NANOCOM), 2018, pp. 1–6.
[12] L. K. Latva-aho, Matti, Key drivers and research challenges for 6G
ubiquitous wireless intelligence. University of Oulu, 2019. [Online].
Available: http://urn.fi/urn:isbn:9789526223544
[13] J. Choi, V. Va, N. Gonzalez-Prelcic, R. Daniels, C. R. Bhat, and R. W.
Heath, “Millimeter-wave vehicular communication to support massive
automotive sensing,” IEEE Commun. Mag., vol. 54, no. 12, pp. 160–
167, Dec. 2016.
[14] R. Mendrzik, D. Cabric, and G. Bauch, “Error bounds for terahertz
MIMO positioning of swarm UAVs for distributed sensing,” in IEEE
Int. Conf. on Commun. Works., (ICC Workshops), May 2018, pp. 1–6.
[15] K. Ntontin, M. Di Renzo, J. Song, F. Lazarakis, J. de Rosny, D.-T.
Phan-Huy, O. Simeone, R. Zhang, M. Debbah, G. Lerosey et al., “Re-
configurable intelligent surfaces vs. relaying: Differences, similarities,
and performance comparison,” arXiv preprint arXiv:1908.08747, 2019.
